In this work, we demonstrate vertical GaN, AlN, and InN hollow nano-cylindrical arrays (HNCs) grown on Si substrates using anodized aluminum oxide (AAO) membrane templated low-temperature plasma-assisted atomic layer deposition (PA-ALD). III-Nitride HNCs have been characterized for their structural, chemical, surface, and optical properties. The material properties of nanostructured III-nitride materials have been compared with the thin-film counterparts which were also grown using PA-ALD. Our results revealed that long-range ordered arrays of III nitride HNCs were successfully integrated on Si substrates and possess hexagonal polycrystalline wurtzite crystalline structure. Such long-range ordered wafer-scale III-nitride nanostructures might be potentially used in piezotronic sensing, energy harvesting, resistive memory, flexible and wearable electronics, III-nitride photovoltaics, and (photo)catalysis.
Introduction
Group III-nitride compounds form the wide bandgap semiconductor family which is used for a wide range of electronic and optoelectronic device applications. In wurtzite crystal form, the bandgap of III-nitrides extends from the ultra-violet (UV) to the mid-infrared (IR) spectrum with values of 6.2, 3.4, and 0.64 eV for AlN, GaN, and InN, respectively. By virtue of their unique material properties, nanostructures of III-nitride materials have been of considerable interest for various applications including piezotronic sensing, ambient energy harvesting, nanostructurebased lighting and computing devices, etc. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Numerous types of nitride nanostructures have been explored via either templateassisted or template-free fabrication methodologies. [14] [15] [16] [17] In the template-assisted strategy, material growth is carried out on sacrificial nanostructured template materials such as carbon nanotubes, polymers, or anodic aluminum oxide (AAO). [18] [19] [20] Subsequent to growth, the template material is typically removed via high-temperature treatment (calcination) or physical/chemical etching to obtain various kinds of free-standing nanostructures. On the other hand, template-free or direct nanostructure fabrication methods can be mainly categorized as catalystassisted and catalyst-free techniques. Catalyst-assisted nanofabrication is achieved via high-temperature vapor liquid solid (VLS) growth where nanostructures are grown along a supersaturated catalytic liquid metal such as Ni or Au. 18 Catalyst-free methods generally utilize selective area growth of preferential growing crystallographic planes over non-preferential planes by altering the processing conditions in order to favor onedimensional material growth. 21 GaN nanostructures have been prepared in variety of forms including nanorods, [22] [23] [24] nanowires, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] and nanopillars. [36] [37] [38] [39] [40] The common material growth methods utilized for preparing these nanostructures are arc discharge, laser ablation, metal organic chemical vapor deposition (MOCVD), and pyrolysis. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] Strong cathode-luminscence and/or photoluminescence from GaN nanopillars has been observed as compared to single crystalline GaN thin films, which is attributed to the high crystal quality, strain/ stress reduction, and improved anti reflection properties of GaN nanopillars. 36, 37 AlN nanostructures have been fabricated in the form of nanofibers, 41 nanorods, 42, 43 and nanowires, [44] [45] [46] [47] mainly using electrospinning, CVD, and molecular beam epitaxy (MBE) techniques. Similar to AlN, InN nanostructures have also been synthesized in the form of nanowires, [48] [49] [50] [51] [52] [53] [54] [55] [56] nanoparticles, [57] [58] [59] [60] and nanorods [61] [62] [63] [64] [65] using high-temperature epitaxial growth techniques (MOCVD, MBE). A major limitation associated with the template-free synthesis strategy is the lower degree of control over the properties of the resulting structures. There may either exist additional unwanted morphologies or impurities in the final product which result in poor optical and electronic properties. It is of major significance to fabricate ordered nanostructures with superior regularity and large-area uniformity for tailoring semiconductor characteristics in a way to enhance the performance of nanostructured materials. Template-based methods are advantageous in the sense that a well-defined and long-range ordered sacrificial template can be used to guide the morphology of the nanostructures, which leads to their synthesis with controlled properties and largearea uniformity. Moreover, commonly used methods for the fabrication of III-nitride nanostructures employ high growth temperatures which can be lowered considerably by alternative low-temperature growth techniques.
Atomic layer deposition (ALD) is a specific vapor phase material deposition scheme that enables the conformal coating of thin films with sub-angstrom thickness control and excellent large-area uniformity. Besides being a ligand-preserving lowtemperature growth technique, its self-limiting characteristics offer precision thickness control at a sub-angstrom level with superior conformality and uniformity over arbitrary topography, large area, and complex three-dimensional nanostuctures. [66] [67] [68] [69] [70] [71] [72] [73] [74] From this perspective, ALD becomes an attractive low-temperature material growth method to be used for template-assisted fabrication of nanostructured materials. A variety of sacrificial templates can be employed as growth temperature decreases. Polymeric materials are famous sacrificial templates due to their design flexibility, availability, simple synthesis, and low cost. In one prominent strategy, polymeric electrospun nanofibers have been utilized as templates for subsequent ALD growth to fabricate long and uniform metal-oxide and nitride nanofibers with conformal and precise wall thickness control. 75 The main drawback of electrospun nanofibrous templates is the randomness in the nanotemplate pattern; nanofibers are randomly oriented without any alignment. On the other hand, AAO membranes are another well-known class of templates that can be used to synthesize long-range ordered/aligned nanostructures with a high degree of regularity and uniformity. 76 AAO membranes are advantageous to produce free-standing nanostructures as well as nanostructures attached/integrated to the host substrate. AAO membranes have been used as templates to produce GaN nanodot arrays, nanotubular materials, and porous GaN films where GaN growth is carried out via MOCVD. 77 Using such a non-lithographic approach to fabricate arrays of nanostructures provides an attractive solution for large-area nano-patterning with relative process simplicity, high throughput, and low cost. Nevertheless, the reliability of nanostructures obtained using high aspect ratio templates is determined by the conformability of the thin film deposition process. On that note, ALD stands out as an ideal process that can be utilized to build nanostructures with very high aspect ratio templates owing to its superior conformality, uniformity, and atomic-scale thickness control. ALD has been previously used to grow III-nitride thin films where the impact of various growth parameters on film quality has been investigated in detail. [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] In this work, we demonstrate the precision fabrication of long-range ordered vertical GaN, AlN, and InN hollow nanocylindrical arrays on Si substrates using AAO membrane templated hollow-cathode plasma-assisted atomic layer deposition (HCPA-ALD). Uniform and vertically oriented nanocylinder arrays confirm the ability to precisely tune III-nitride nanostructure geometry via AAO-templated PA-ALD in comparison with other commonly used high-temperature growth techniques, which mainly allow one to obtain elongated nanostructures without three-dimensional precision thickness control. [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] Ordered vertical GaN, AlN, and InN hollow nano-cylinder arrays have been characterized using scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDX), transmission electron microscopy (TEM), selected area electron diffraction (SAED), grazing incidence X-ray diffraction (GIXRD), X-ray photoelectron spectroscopy (XPS), and photoluminescence (PL) measurements. The material properties of nanostructured III-nitride materials are compared with the thin-film counterparts, which were grown with the very same low-temperature HCPA-ALD technique on flat substrates.
Experimental
(1) Vertical III-nitride hollow nanocylinder array fabrication
The AAO foil fabrication process is explained in ESI. † The AAO membrane was attached to the Si(100) surface using triton liquid solution which helped to achieve better adhesion of the AAO membrane to the substrate surface and prevent possible membrane detachment during the subsequent fabrication steps. Triton was then removed from the surface using acetone and the surface was dried in conventional air ambient and at room temperature. Si(100) was etched through AAO membrane hard masks in an RIE reactor using an Ar (100 sccm)/CHF 3 (5 sccm) etch gas mixture for a total etch time of 70 min. During Si etching, the coil and platen power were maintained at 450 and 100 W, respectively. III-Nitride materials including GaN, AlN, and InN were deposited in a modified Fiji F200-LL remote-plasma ALD reactor (Ultratech/CambridgeNanoTech Inc.), which is backed by an Adixen ACP 120G dry scroll vacuum pump. The original system was revamped by replacing the quartz-based inductively coupled plasma (ICP) source with a stainless steel hollowcathode plasma (HCP) source (Meaglow Ltd, Thunder Bay, ON, Canada). The original RF power supply (Seren IPS Inc., R301), matching network controller (Seren IPS Inc., MC2), and automatic matching network (Seren IPS Inc., AT-3) units were used to activate the HCP discharge. The rotation speed of the Adixen ATH 400 M turbo pump was adjusted in order to keep the reactor pressure fixed at B150 mTorr during growth sessions, whereas the base pressure of the system was lower than 10 À5 Torr.
While the unit growth cycle for GaN consisted of a triethylgallium (TEG) pulse (0.5 s), an Ar purge (10 s III-Nitrides deposited on the top of pores were removed in the RIE reactor using Ar (100 sccm) etching followed by selective etching of surrounding Si using a SF 6 (60 sccm) etch recipe to obtain III-nitride hollow nanocylinders (HNCs). During both these etch steps, the coil and platen power were maintained at 450 and 100 W, respectively. The schematic step-by-step fabrication of vertically aligned III-nitride HNCs is shown in Fig. 1 .
(II) Structural, chemical, surface, and optical characterization GIXRD patterns of III-nitride HNCs and thin films were recorded with an X'Pert PRO MRD diffractometer (PANalytical B.V., Almelo, Netherlands) using Cu Ka radiation. Data were obtained within the 2y range of 10-901 using a 0.11 step size and 15 s counting time. The elemental composition and chemical bonding states of III nitrides were determined by XPS using a Thermo Scientific K-Alpha spectrometer (Thermo Fisher Scientific, Waltham, MA) with a monochromatized Al Ka X-ray source. Sputter depth profiling was performed on III-nitride thin films with a beam of Ar ions having an acceleration voltage and a spot size of 1 kV and 400 mm, respectively. Surface morphologies of III-nitride HNCs at different stages of fabrication were revealed using SEM (FEI, Hillsboro, OR NNL 600i). A Tecnai G2 F30 TEM (FEI, Hillsboro, OR) was utilized for high-resolution (HR) imaging, EDX color mapping, and measurement of the SAED pattern of the III-nitride HNCs. In order to prepare TEM samples, HNC samples were scratched by a needle and a TEM grid was gently touched to the top surface of the GaN-HNCs/nanoporous-Si samples followed by TEM imaging. PL spectra of the GaN HNCs and their thin film counterpart were measured in the wavelength range of 350-850 nm at room temperature and at a constant excitation laser intensity of 64 W cm
À2
. The samples were excited by a HeCd laser at 325 nm and the PL spectra were recorded with an Exemplar Plus BWTek spectrometer.
Results and discussion
The AAO membrane was used as a hard etch mask to transfer the pattern to the Si(100) substrate. The detail is provided in ESI † (Fig. S1 ). CHF 3 and Ar were used to transfer the AAO honeycomb nano-porous pattern to the Si substrate. Ar acts as the physical sputtering agent responsible for the vertical anisotropic etch pattern. 94 With the exposure of CHF 3 plasma to the exposed Si surface, polymer forming radicals are deposited on the sidewalls, forming a barrier layer which prevents undercutting. A porous Si nano-network was formed by plasma etching through the AAO hard mask. Fig. S1e (ESI †) reveals the highly ordered hexagonal array of nanopores formed on the Si surface, confirming the successful pattern transfer. The resulting average diameter of Si nanopores has increased to B90-100 nm due to the non-ideal anisotropic etch which results in a pore-widening effect, while the average pore-to-pore distance remains around B140-145 nm. The density and size of the nanopores are rather close to the original AAO membrane template, which implies both the success of the pattern-transfer process and the ability to simply tune the pore size and morphology by modifying the initial anodization conditions. An angled-view image of the Si nano-porous structure is shown in Fig. S1f (ESI †), which shows the depth of pores to be around 500 nm. III-Nitride material growth was carried out on a nanoporous Si substrate in a PA-ALD reactor featuring a customized hollowcathode plasma source. A critical factor in choosing ALD to grow on high aspect ratio porous Si is the superior conformality made possible by its self-limiting characteristics, which allow the surface to get saturated with no more than one layer of chemisorbed precursor molecules. Precursor molecules disperse into deep trench structures with sufficient precursor pulse/exposure time allowing molecules to react with the entire exposed surface. In the subsequent sections below, fabrication steps and material characterization details of GaN, AlN, and InN HNCs are provided.
(I) GaN hollow nanocylinder arrays 1500 cycles of GaN were grown on a nanoporous Si substrate via PA-ALD using TEG and N 2 /H 2 plasma as gallium and nitrogen precursors, respectively. Fig. 2a and b show the top-view and angled-view SEM image after GaN growth on the nanoporous Si substrate, respectively. The grainy structure of GaN is visible from the top-view image (Fig. 2a) which was also observed in previously reported B32 nm thick GaN thin films on Si substrates. 93 The porous morphology is still visible after GaN growth on Si nano-pores, however, the pore-size is reduced to B35 nm. The ability of PA-ALD to uniformly coat GaN (thickness B37.5 nm) on nano-porous Si in a conformal fashion is evident from the angled-view SEM image (Fig. 2b) . The thickness of GaN observed from the inner walls of the nanoporous Si substrate is less than the GaN film thickness grown on a planar Si substrate (B37.5 nm vs. 50 nm) in the same growth experiment. The thickness variation of GaN along the Si pore depth is AE24-25%. ALD, with its inherent self-limiting growth mechanism, is expected to provide highly conformal non-line of sight deposition even on 3D complex nanostructures. However, ideal conformal coating results for ALD-growth on nanostructured templates can only be achieved by carefully optimizing the process parameters such as precursor doses, exposure time, and purging time at a given reaction temperature. A substrate must be exposed to the right amount of precursor as an insufficient precursor dose will leave some unreacted surface sites behind, resulting in limited conformality. The most critical parameter in performing ALD on substrates with higher aspect ratio structures is the precursor exposure time. With sufficient precursor exposure time, precursor molecules should be able to reach all the active sites on the 3D substrate surface. Generally, long precursor exposures are relatively less beneficial in plasma-assisted ALD due to the relatively fast plasma radical recombination process. In the present work, we have utilized the PA-ALD growth recipe previously optimized for planar Si surfaces. 93 An additional significant effort needs to be devoted to achieve ideal conformal deposition via PA-ALD which is beyond the scope of the present study. As GaN film grows on the horizontal top surface of Si nanopores as well, those parts must be removed before Si etching can be carried out to obtain free-standing GaN nano-cylindrical arrays on the Si surface. The SEM image (Fig. S2 , ESI †) showed that 2 minutes of Ar plasma exposure successfully removed GaN from the top of the nano-pores. The last step in fabrication was to selectively etch Si via SF 6 plasma to obtain GaN HNCs. Fig. 2c and d show the top-view and angled-view SEM images of GaN HNCs after 6 s of SF 6 based Si etching, respectively. The diameter of GaN nano-cylinders is B110 nm, while the pore size within the HNC is about 30 nm. The wall thickness of individual HNCs and inter-cylinder distance were measured as B40 and B125 nm, respectively. By changing the etching time of Si, the height of free-standing individual GaN nanocylinders can be varied as well. After 6 s of Si etching, the height of GaN HNCs ranged within B330-360 nm, corresponding to HNCs with a 3 : 1 aspect ratio.
TEM characterization was carried out on GaN HNCs to examine their internal morphology and crystalline structure. Bright field TEM images of GaN HNCs are provided in Fig. 3 . Finely dispersed hollow nano-cylinders can be seen in Fig. 3a . Fig. 3b confirms the total length of GaN HNCs at around B375 nm and shows that their interior is indeed hollow. It is observed that the outer wall of HNCs is highly uniform along the cylinder axis. However, the wall thickness of GaN HNCs along the long axes of individual cylinders shows a degree of non-uniformity. The part where the GaN wall is thicker corresponds to the top portion of the HNC close to the air-HNC interface. This image reveals that GaN wall thickness tends to become thinner along the depth of the Si pore. As explained earlier, this might either be due to insufficient precursor exposure and/or N 2 /H 2 plasma radical-recombination during HCPA-ALD of GaN. Fig. 3c shows the high-resolution TEM (HR-TEM) image of HNCs, revealing lattice fringes of GaN which are organized in various crystallographic orientations confirming its polycrystalline structure. Selected area electron diffraction (SAED) measurements were performed to further investigate the crystal structure of the GaN HNCs. The SAED pattern (Fig. 3d consists of polycrystalline diffraction rings corresponding to the hexagonal wurtzite GaN (h-GaN) crystal structure. The analysis of the SAED pattern has been summarized in Table 1 , which shows measured ring diameters, the calculated and theoretical interplanar spacing values, and corresponding crystallographic planes. The first ring from the center is considerably thick and the theoretical ring diameters of the (101), (100), and (002) crystallographic planes either merge or lie very close to the first thick diffraction ring. Indeed, the inner and central diameters of this ring were measured and found to be 7.509 and 8.501 nm À1 , corresponding to the (100) and (101) planes with calculated inter-planar spacing (d hkl ) values of 2.663 and 2.395 Å, respectively. Other than the (100) and (101) crystallographic planes, the (102), (101), (103), and (112) planes corresponding to the GaN hexagonal wurtzite crystal structure are also found. Fig. 3e shows EDX elemental mapping of gallium and nitrogen from a part of an individual GaN HNC. This measurement reveals the uniform distribution of gallium and nitrogen which confirms the presence of a GaN compound structure in the scanned area. The PL spectra of polycrystalline GaN HNCs and their thin film counterpart were measured in the wavelength range 350-850 nm at room temperature and are presented in Fig. 3f . A broad peak at 448 nm (2.76 eV) was observed from GaN HNCs, which represents a defect related ''blue luminescence (BL)'' emission. On the other hand, a weak and noisy signal was observed from B60 nm thick GaN thin films which exhibited two relatively weaker peaks at 371.3 nm (3.34 eV) and 500 nm (2.48 eV), most probably originating from a red shifted band-edge-related emission and structural defect sourced ''green luminescence (GL)'', respectively. 95, 96 The presence of the ''GL'' band could be explained by the combination of gallium vacancy clusters and oxygen (or carbon) impurities. 96 GaN HNCs exhibit a stronger PL signal than their thin-film counterparts possibly due to their higher surface to volume ratio. GIXRD patterns of GaN HNCs and GaN thin film deposited on Si are provided in Fig. 4a and b, respectively. Patterns obtained from both GaN HNCs and the corresponding thin film reveal the single-phase polycrystalline hexagonal wurtzite structure. The reflections (100), (002), (101), (101), (103), and (112) of the h-GaN phase appeared in the GIXRD patterns (hexagonal GaN, ICDD reference code: 00-025-1133). These results are in good agreement with the SAED results given in Fig. 3d and Table 1 . A distinct (002) reflection was not observed in the SAED diffraction pattern, however, we believe that it is not distinguishable in the SAED pattern due to the merging of three individual diffraction rings into one big thick ring closest from the center. The chemical composition and bonding state of GaN HNCs were studied using X-ray photoelectron spectroscopy (XPS). An XPS survey scan collected from the top of B375 nm long GaN HNCs revealed the presence of gallium, nitrogen, carbon, fluorine, and oxygen elements. The atomic percentages of elements detected from GaN HNCs were as follows: 33.21 at% Ga, 45.08 at% N, 5.74 at% C, 5.64 at% F, and 10.33 at% O. Although these results suggest N-rich elemental distribution in GaN HNCs, it should be noted that the atomic concentration of N is overestimated due to the significant contribution of Ga Auger peaks, which overlap with the N 1s peak. 84 Previously, we have reported the impurity content from the bulk of GaN thin film deposited using the exact same PA-ALD growth recipe parameters utilized for fabrication of GaN HNCs. No carbon was found in the bulk of the film, while oxygen impurities (2-3 at%) in the bulk of GaN films were detected. The presence of oxygen in the bulk of the film was attributed to oxygen and water vapor impurities present in either plasma gases or organometallic precursors and trapped oxygen/water vapor inside the multilayer coatings on the inner walls of the ALD vacuum reactor. XPS was used to gather data from the bulk of the film by in situ etching of the first few layers of GaN via Ar + ions. The same technique, however, would not be accurate to determine the GaN bulk impurity content from GaN HNCs due to possible oxidation of GaN HNCs all along the top surface. Therefore, bulk elemental quantification from the GaN thin film sample can be used as an estimate for the impurity content of GaN HNCs.
High-resolution XPS (HR-XPS) scans of Ga 3d and N 1s are given in Fig. 4c and d , respectively, which were collected from the surface of GaN HNCs. The asymmetry and FWHM of the peaks indicate more than one type of bonding scheme for both gallium and nitrogen. The Ga 3d HR-XPS spectrum was fitted using three subpeaks located at 20.30 eV (subpeak #3), 19.38 eV (subpeak #1) and 17.68 eV (subpeak #2). Subpeaks number 1 and 3 were attributed to the Ga-N and Ga-O bonds, respectively, whereas subpeak #2 originates from the N2s core level contribution. 85 The N 1s HR-XPS spectrum (Fig. 4d ) was fitted by three subpeaks located at 397.37 eV (subpeak #1), 395.18 eV (subpeak #2) and 393.08 eV (subpeak #3). Subpeak #1 was assigned to the N-Ga bond, whereas subpeaks #2 and #3 correspond to the Ga Auger peaks.
(II) AlN hollow nanocylinder arrays
For AlN samples, a total of 500 ALD cycles were used on nanoporous Si substrates. A detailed growth optimization study of AlN on a planar Si template has been reported elsewhere. 84 At 200 1C, a growth rate of B1.0 Å per cycle has been reported for AlN deposited with an optimized growth recipe, which corresponds to B50 nm thick film for 500 ALD-cycle growth on planar Si. Fig. S4 (a) and (b) (ESI †) show top and angled-view SEM images of the AlN-coated nanoporous Si template, respectively. AlN covered Si shows a hollow morphology, though the pore size has been reduced to B30 nm from an initial pore diameter of B100 nm after nanopore formation. The top-view image also shows nanometer sized grains of AlN observed in the area amid the pores. The angled-view SEM image Fig. S4(b) (ESI †) of AlN covered porous Si reveals uniform and conformal growth of AlN inside the nanopores. From the inner cylinder wall, the average wall thickness of AlN was measured as B37 nm. The variation in AlN thickness from the top to the bottom of the pores is about AE15%.
SEM images (Fig. S3 , ESI †) obtained after 3 minutes of Ar etching indicate that AlN has been completely removed from the top surface. As a last step in AlN HNC fabrication, Si was selectively etched by SF 6 gas to obtain free-standing AlN HNCs on the Si surface. 5 s of Si etching yielded B110 nm long AlN HNCs (Fig. S5 , ESI †) with a diameter and internal pore size of B116 and B30 nm, respectively. A significant portion of AlN is still embedded inside Si after 5 s of etching. In order to further increase the height of AlN HNCs, a total of 7 s Si etching was employed on a separate sample. Fig. S4c and d (ESI †) show the top-view and angled-view SEM images of AlN HNCs, respectively, after 7 s of SF 6 based Si etching. Long-range ordered AlN HNCs in well-organized arrays can be observed from the top and cross sectional views. The nano-cylinder diameter and internal pore size of AlN HNCs were measured as B115 nm and B25 nm, respectively. The AlN wall thickness of individual nanocylinders and the inter-pore distance were measured as B45 and B130 nm, respectively. The height of AlN HNCs (Fig. S4(d) , ESI †) increased to B170 nm after 7 s of Si etching.
The internal morphology and crystalline structure of AlN HNCs are observed with TEM analysis as shown in Fig. 5 .
AlN HNCs exhibited hollow morphology and rather smooth outer walls (Fig. 5b) . Similar to GaN HNCs, the uniformity degree of the AlN HNCs wall thickness is limited. The thickness of AlN measured from two ends of an AlN HNC is B44 nm and B31 nm which corresponds to a AE 13% overall thickness non-uniformity. The total length of an individual AlN HNC was measured to be B172 nm which agrees very well with SEM measurements. Several crystalline compartments of AlN can be observed from the HR-TEM image of an AlN HNC (Fig. 5c) , implying the polycrystalline structure of AlN, similar to the observations for the GaN and InN HNC samples. EDX elemental maps (Fig. 5d and e) were obtained to map the presence of aluminum and nitrogen from AlN HNCs. This colored EDX mapping shows that aluminum and nitrogen are uniformly present only at the place of an AlN HNC in the scanned area. The SAED pattern (Fig. 5f ) was extracted from B172 nm long AlN HNCs, which shows multiple diffraction rings confirming the polycrystalline structure of AlN. The diameters of the rings and calculated-theoretical interplanar spacing values are tabulated in Table 2 , revealing the presence of the (100), (002), (101), (102), (110), (102), and (112) reflections of hexagonal AlN.
The structural and chemical properties of AlN HNCs were studied using GIXRD and XPS. The details are presented in Fig. S6 and S7 (ESI †). In summary, structural characterization data using GIXRD revealed the polycrystalline nature of AlN HNCs whereas chemical characterization confirmed the presence of an Al-N bonding state along with low impurity (carbon and oxygen) content. (III) InN hollow nanocylinder arrays 700-Cycle PA-ALD growth of InN was carried out on a nanoporous Si template using an optimized recipe with TMI and N 2 plasma as an indium and a nitrogen source, respectively. The InN PA-ALD growth recipe that is utilized in this study was optimized for planar Si substrates and is reported elsewhere. 81 It was found that InN grown using N 2 plasma only as the nitrogen precursor had decent crystalline quality with low impurity content. InN grown with other plasma combinations such as N 2 /H 2 plasma as the nitrogen precursor resulted in low density films with significant voids and weak surface adherence. Fig. 6a and b show top and angled-view SEM images of InN-coated nanoporous Si templates, respectively. The highly uniform grainy structure of InN (Fig. 6a) is visible with a relatively smooth surface morphology. The nanopores are still apparent, however the pore size is significantly reduced (B25 nm) from the original pore size in Si. The angled-view SEM image (Fig. 6b) reveals that InN is coated with high conformality along the wall depth of the pores. One can also observe that some of the initially narrower nanopores are indeed completely filled with InN, transforming these structures from hollow nanocylinders to nanopillars/nanorods. The wall thickness of InN nanocylinders was measured to be B43 nm, which is very close to the measured InN film thickness (B47 nm) on a planar Si substrate grown during the same ALD experiment. This indicates that the conformality of InN deposited on porous Si with a growth recipe optimized for a planar Si substrate is substantially better when compared to the conformality performance of GaN.
InN grown on the horizontal Si surface of the nanoporous Si substrate has been etched away using Ar ion milling. Subsequent SEM imaging (Fig. S8 , ESI †) revealed complete removal of the top InN layer after 3 minutes of Ar plasma exposure. Fig. 6c and d show the top-view and angled-view SEM images of InN HNCs after 7 s of SF 6 etching in the RIE reactor, respectively. Both SEM images reveal long-range ordered and well-aligned InN HNC arrays. The wall thickness and pore diameter of an individual InN HNC are measured as B50 and B15 nm, respectively, while the pore-to-pore distance was found to be B115 nm. After 7 seconds of Si etching, the height of InN HNCs (Fig. 6d) was measured as B220 nm. InN HNCs were also fabricated with 6 s of Si etching using SF 6 followed by SEM imaging (Fig. S9, ESI †) . The nano-cylinder diameter, pore size, wall thickness, and poreto-pore distance (Fig. S9 , ESI †) of this set of HNCs were found to be similar to InN HNCs fabricated using 7 s of Si etching. However, as expected, the height of InN HNCs fabricated using 6 s of Si etching is reduced to B170 nm. This result confirms that the final free-standing height of HNCs fabricated using this technique can be varied as desired by adjusting the etch time of Si in the final fabrication step.
The internal morphology of InN HNCs can be observed in the TEM images provided in Fig. 7. Fig. 7a shows the top-view of several InN HNCs with hollow internal morphology. The dimensions of HNCs such as the cylinder diameter, pore size, wall thickness, and inter-pore distance seen in this TEM image are similar to the observed dimensions in the SEM images shown in Fig. 6 . Fig. 7b shows the TEM image of two HNCs. The length of the InN HNC measured from this TEM image is B204 nm which is close to the height observed from the SEM image. It can be observed that the outer wall of HNCs is quite uniform along the cylinder axes. Contrary to GaN and AlN HNCs, the wall thickness of InN HNCs along the cylinder long axis is decently constant. The wall thickness measured from two ends of the HNCs came out as B41.7 and B42.4 nm which corresponds to less than AE1.0% variation in the wall thickness along the height of the HNC. This observation confirms the superior InN conformality compared to the GaN counterparts. It has been reported in the literature that the recombination loss probability (r) of hydrogen radicals is generally higher than that of nitrogen radicals on different materials (on Si, 0.0016 vs. 0.70 for nitrogen and hydrogen radicals, respectively). 97 This means, for instance, a hydrogen radical has higher probability to recombine with a hydrogen atom on the surface to form molecular hydrogen. This hydrogen molecule will then have no further influence on the ALD surface reactions. As nitrogenonly plasma has been used for InN growth compared to N 2 /H 2 plasma for the GaN and AlN experiments, the observed enhanced conformality of InN can be partly attributed to the lower recombination loss probability of nitrogen radicals. 97 Fig . 7c shows the HR-TEM image of a selected InN HNC. Several crystalline subsections of InN can be observed, while in each crystalline subsection, lattice fringes are organized in different orientations implying a polycrystalline structure. Fig. 7d shows the SAED pattern of InN HNCs which exhibits several diffraction rings confirming the polycrystalline structure of InN. The interplanar spacing (d hkl ) values of the diffraction rings were calculated and compared with theoretical values to identify the associated crystallographic orientations. Table 3 shows that the (010), (011), (012), (013), (021), and (022) reflections of the hexagonal structure of polycrystalline InN are detected. Fig. 7e shows EDX elemental maps of indium and nitrogen obtained from the InN HNC sample. Indium and nitrogen show strong contrast in the colorized maps which prove their uniform presence within the scanned area.
The structural and chemical properties of InN HNCs were further investigated by GIXRD and XPS analysis, of which the details are presented in Fig. S10 and S11 (ESI †). GIXRD analysis confirmed the single-phase hexagonal crystalline structure of InN HNCs whereas XPS showed the presence of In-N bonding and the existence of oxygen impurities.
Conclusions
Template-based synthesis of long-range ordered GaN, AlN, and InN vertical hollow nanocylinder arrays was demonstrated via low-temperature plasma-assisted ALD and etching processes on Si substrates. In-depth morphological, optical, structural, and chemical characterization was performed to investigate the material properties of the fabricated III-nitride HNCs. SEM images revealed the successful fabrication of long-range ordered arrays of III-nitride HNCs integrated on Si. TEM, GIXRD, and SAED revealed that III-nitride HNCs possess the hexagonal wurtzite crystalline structure. Chemical analysis conducted using XPS via survey and HR-scans confirmed the successful fabrication of III-nitride HNCs with relatively low impurity content. The unique advantages of the proposed methodology include Si-integration due to low-temperature plasma-assisted growth and nanometer-level precision processing enabling fine control of the targeted nanostructures. Although single-layered binary compound nanostructures are demonstrated in this study, the methodology proposed can be applied for multi-layered heterostructures (GaN/AlN, InN/ GaN, etc.) as well as ternary compounds (AlGaN/GaN, InGaN/ GaN), resulting in alternative quantum-device structures. Such long-range ordered high-surface area III-nitride HNCs might potentially be used in various applications including piezotronic environmental sensing, III-nitride photovoltaic solar cells, wearable and flexible electronics, plasmonics, and (photo)catalysis.
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